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Insulin stimulates glucose uptake by recruiting glucose transporter 4 (GLUT4) from an intracellular pool to
the cell surface through a mechanism that is dependent on phosphatidylinositol (PI) 3-kinase (PI3-K) and cor-
tical actin remodeling. Here we test the hypothesis that insulin-dependent actin filament remodeling deter-
mines the location of insulin signaling molecules. It has been shown previously that insulin treatment of L6
myotubes leads to a rapid rearrangement of actin filaments into submembrane structures where the p85
regulatory subunit of PI3-K and organelles containing GLUT4, VAMP2, and the insulin-regulated aminopep-
tidase (IRAP) colocalize. We now report that insulin receptor substrate-1 and the p110� catalytic subunit of
PI3-K (but not p110�) also colocalize with the actin structures. Akt-1 was also found in the remodeled actin
structures, unlike another PI3-K effector, atypical protein kinase C �. Transiently transfected green fluorescent
protein (GFP)-tagged pleckstrin homology (PH) domains of general receptor for phosphoinositides-1 (GRP1)
or Akt (ligands of phosphatidylinositol-3,4,5-trisphosphate [PI-3,4,5-P3]) migrated to the periphery of the live
cells; in fixed cells, they were detected in the insulin-induced actin structures. These results suggest that
PI-3,4,5-P3 is generated on membranes located within the actin mesh. Actin remodeling and GLUT4 exter-
nalization were blocked in cells highly expressing GFP-PH-GRP1, suggesting that PI-3,4,5-P3 is required for
both phenomena. We propose that PI-3,4,5-P3 leads to actin remodeling, which in turn segregates p85� and
p110�, thus localizing PI-3,4,5-P3 production on membranes trapped by the actin mesh. Insulin-stimulated
actin remodeling may spatially coordinate the localized generation of PI-3,4,5-P3 and recruitment of Akt,
ultimately leading to GLUT4 insertion at the plasma membrane.

Glucose uptake into skeletal muscle cells results from the
redistribution of glucose transporter 4 (GLUT4) from an in-
tracellular membrane compartment to the plasma membrane
(9, 15, 32, 56). This phenomenon is abnormally diminished in
type 2 diabetes, resulting in insulin resistance (46, 71). Trans-
location of GLUT4 to the muscle cell surface requires activa-
tion of phosphatidylinositol 3-kinase (PI3-K) (47, 56), which
occurs upon binding to tyrosine-phosphorylated insulin recep-
tor substrates (IRSs). In several cell types, such binding takes
place through the Src homology 2 domains of the 85-kDa reg-
ulatory subunit (p85) of PI3-K, thereby activating the catalytic
110-kDa subunit (p110) (70). Activated p110 causes primarily
the phosphorylation of phosphatidylinositol-4,5-bisphosphate
(PI-4,5-P2) to generate phosphatidylinositol-3,4,5-trisphosphate
(PI-3,4,5-P3). The latter lipid recruits the serine-threonine kinase
Akt/PKB via its pleckstrin homology (PH) domain for its subse-
quent activation via phosphorylation by phosphoinositide-depen-
dent kinase (PDK), which also activates atypical protein kinase C
� (aPKC�) and -� (11, 30, 35). PI3-K activity, membrane recruit-
ment, and activation of Akt and aPKC have been implicated in
the stimulation of GLUT4 translocation and glucose transport in
skeletal muscle (3, 61) and L6 muscle cells (2, 68).

Given that PI3-K is activated not only by insulin but also
by a number of extracellular factors and cues, there must be
mechanisms that safeguard the specificity of each response.

The possibility that distinct spatial localization of the PI3-K-
dependent signal transduction pathway may be required to
ensure the fidelity and specificity of insulin signaling has been
previously discussed (22, 28). However, there is a controversy
about the compartmentalization of the enzyme. From subcel-
lular fractionation of control and insulin-stimulated adipocytes
followed by immunodetection of p85 or in vitro PI 3-kinase
activity, it was concluded that the enzyme transfers from the
cytosol to microsomes of intracellular origin (6, 18, 22, 27, 37,
45, 60). However, this conclusion was challenged by the fluo-
rescent detection at the cell periphery of insulin-stimulated
adipocytes of ligands of PI-3,4,5-P3, such as green fluorescence
protein (GFP)-linked PH domains of Akt or of general recep-
tor for phosphoinositides-1 (GRP1) (16, 29, 39, 63). The dis-
crepancy between the biochemical and immunocytological
studies has not been solved but may arise from plasma mem-
brane contamination of subcellular fractions and/or from in-
ability of light microscopy to differentiate plasma membrane
from intracellular vesicles closely apposed to the membrane. In
addition, cytoskeletal elements abutting either the plasma
membrane or intracellular compartments may furnish binding
sites for the enzyme (6), and some of these elements, such as
microfilaments, may break down upon biochemical disruption
of cells. Indeed, growing evidence supports the role of the cyto-
skeleton in compartmentalizing signals and organelles. Moreover,
insulin causes a rapid and dynamic remodeling of actin filaments
into a cortical mesh, which is required for GLUT4 transloca-
tion and glucose uptake in differentiated L6 muscle cells (28,
54, 58). Within that submembrane mesh, we detected proteins
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FIG. 1. IRS-1 and p110�, but not p110�, concentrate in insulin-induced actin structures. Serum-deprived (4 h) L6 myotubes were stimulated
with or without 100 nM insulin for 10 min at 37°C, followed by fixation and permeabilization. (A) Images were acquired from three focal planes
that are depicted in a schematic diagram (a). The ventral (V) focal plane is defined as 1 to 3 �m above the coverslip; the dorsal (D) focal plane
is 4 to 6 �m above the coverslip. In response to insulin, the surface of the cell remodels into structures that protrude 2 to 3 �m above the dorsal
focal plane of the cell. This is defined as the dorsal extension (DE) focal plane that is absent in basal cells. Gray scale images of the ventral surface
to the dorsal surface of basal (b and c) L6 myotubes and the ventral surface to the dorsal extensions of insulin-treated (d to f) L6 myotubes stained
with Oregon Green-conjugated phalloidin are shown. (B) IRS-1 (a and d) or p110 (b, c, e, and f) proteins were stained with specific polyclonal
antibodies, followed by Alexa 488-conjugated secondary antibody, as described in Materials and Methods. Composite images of F-actin labeled
with Alexa fluor 633-conjugated phalloidin and IRS-1 or p110 protein staining are presented (yellow indicates regions of colocalization).
Immunofluorescence images for p110� (g) and p110� (h) were also acquired from cells that were stained with antibodies preincubated with a
10-fold molar excess of competitive blocking peptides. The images are representative of three experiments. Bar, 10 �m.
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characteristic of GLUT4 vesicles, including GLUT4, VAMP2,
and insulin-regulated aminopeptidase (IRAP) (28, 44).

The purpose of the present study was to examine the
localization of the PI3-K catalytic subunit and its major lipid
product, PI-3,4,5-P3, in L6 muscle cells by applying confocal
microscopy and deconvolution analysis to maximize the three-
dimensional resolution. The time course of actin remodeling
and the distribution of PI-3,4,5-P3 were also analyzed in living
cells. We provide evidence that PI-3,4,5-P3 is formed on the
plasma membrane and in structures supported by an actin
scaffold. p110� (but not p110�) and Akt-1 (but not PKC�)
gathered into the actin mesh, suggesting that the actin struc-
tures spatially segregate PI3-K isoforms and signals down-
stream of PI-3,4,5-P3. From these results, we hypothesize that
the remodeled actin structures provide a scaffold for the trans-
mission of signals from the insulin receptor to the insulin-

responsive GLUT4 compartment. Preventing the formation of
the scaffold using excess ligand of PI-3,4,5-P3 (GFP-PH-
GRP1) aborted GLUT4 translocation.

MATERIALS AND METHODS

Reagents. Human insulin was purchased from Eli Lilly (Toronto, Ontario,
Canada). Tetramethylrhodamine-conjugated concanavalin A; Alexa fluor 633-,
rhodamine-, and Oregon Green-conjugated phalloidin; and Alexa fluor 488
(A488)-conjugated goat anti-mouse, A488-conjugated goat anti-rabbit, and
A488-conjugated rabbit anti-goat antibodies were purchased from Molecular
Probes (Eugene, Oreg.). Polyclonal antibody to phosphorylated Akt was pur-
chased from Cell Signaling (Beverly, Mass.). Monoclonal antibody against myc
(9E10) and polyclonal antibodies against aPKC� (sc-1091), PKC� (sc-7262), and
Akt-1 (sc-7126); and isoform-specific antibodies against p110� (sc-1331 and
sc-7174, which were raised against regions mapping the C terminus and N
terminus, respectively) and p110� (sc-602 and sc-7175, which were raised against
the regions mapping the C terminus and N terminus, respectively) subunits of
PI3-K, as well as corresponding blocking peptides (sc-1091 P, sc-7262 P, sc-1331

FIG. 1—Continued.
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P, and sc-602 P), were all obtained from Santa Cruz (Santa Cruz, Calif.). Poly-
clonal antibody against IRS-1 was kindly provided by Morris White (Joslin
Diabetes Centre, Boston, Mass.). Plasmids containing enhanced GFP (eGFP)-
tagged PH domain of GRP1 (GFP-PH-GRP1) and the eGFP-tagged PH domain
of GRP1 with a single point mutation [GFP-PH(K273A)-GRP1] were kind gifts
from Michael Czech (University of Massachusetts, Worcester). The plasmid
encoding eGFP-tagged PH domain of Akt (GFP-PH-Akt) was a kind gift from
Tobias Meyer (Stanford University, Stanford, Calif.), and the plasmid encoding
eGFP was purchased from Clontech (Palo Alto, Calif.). Effectene transfection
kits and plasmid DNA purification columns were purchased from Qiagen (Mis-
sissauga, Ontario, Canada).

Cell culture and transfections. L6 muscle cells expressing c-myc epitope-
tagged GLUT4 (GLUT4myc) were maintained in myoblast monolayer culture or
differentiated into multinucleated myotubes as described earlier (62, 67). Myo-
tubes were ready for experimentation 6 to 8 days postseeding. Transfection of L6
GLUT4myc myoblasts was performed in 6-well plates as described previously
(44).

Fluorescence microscopy. (i) Fixed cells. L6 GLUT4myc myotubes or myo-
blasts, grown on 25-mm-diameter glass coverslips, were deprived of serum for 4 h
and treated with 100 nM insulin for up to 30 min at 37°C. Labeling of actin
filaments with fluorophore-coupled phalloidin and immunostaining of specific
antigens in fixed and permeabilized myotubes were carried out as described
previously (28). It was crucial to fix the cells immediately at 4°C after insulin
stimulation and to permeabilize in 0.1% (vol/vol) Triton X-100 for exactly 3 min
in order to preserve actin morphology. The primary antibody dilution factors
were as follows: myc, 1:150; IRS-1, 1:100; p110�, 1:250; p110�, 1:250; phospho-
Akt (Ser 473), 1:250; Akt-1, 1:100; PKC�, 1:100; and PKC�, 1:100 in 0.1%
(wt/vol) bovine serum albumin–phosphate-buffered saline. To label actin fila-
ments simultaneously to any of the above-listed molecules, fixed and permeabil-
ized cells were incubated for 1 h at room temperature with the fluorophore-
conjugated phalloidin indicated in the figure legends (0.01 U/coverslip) during
the incubation with the secondary antibody. To eliminate artifactual colocaliza-
tion in these costaining experiments, two fluorophores with maximal spectral
separation were chosen. As well, the staining pattern of proteins observed in the
costaining experiments was compared to that following single staining using the
same antibody. Additional controls for immunofluorescence experiments are
described in Results.

Plasma membrane staining with tetramethylrhodamine-conjugated con-
canavalin A (50 �g/ml) and GLUT4myc translocation determined by cell-
surface immunostaining of the myc epitope on intact myoblasts were carried
out as described previously (44, 54). For conventional and confocal fluores-
cence microscopy, cells were examined with either an inverted Leica DM-
IRE2 microscope or a Zeiss LSM 510 laser scanning confocal microscope,
respectively. Acquisition parameters were adjusted to exclude saturation of
the pixels. For quantification, such parameters were kept constant between
the various conditions.

(iii) Live-cell studies. For time-lapse fluorescent confocal microscopy, L6
myoblasts were seeded onto 35-mm glass bottom microwell dishes (MatTek Co.,
Ashland, Mass.) and transfected with GFP-PH-GRP1, GFP-PH(K273A)-GRP1,
or eGFP cDNA. Sixteen hours posttransfection, the cells were serum deprived (4
h), washed and incubated with KRPH buffer (120 mM NaCl, 2.5 mM KCl, 20
mM HEPES, 1.2 mM MgSO4, 1 mM NaH2PO4, and 2 mM CaCl2) supplemented
with 5 mM D-glucose, placed into a temperature-controlled chamber set at 37°C,
and visualized using the Zeiss LSM 510 laser scanning confocal microscope.
Images were acquired every 10 to 30 s throughout the period from 2 min prior
to insulin addition to 11 min after insulin addition.

(iii) Deconvolution microscopy and image analysis. Images obtained from
several focal planes were deconvolved using the nearest-neighbor deconvolution
module from Openlab software by Improvision. Volocity software by Improvi-
sion was utilized for visualization of the volume in three dimensions. To show the
localization of GFP with respect to F-actin and the plasma membrane, the
opacity function in Volocity was used to expose the green signal. The “sequence
xyz view” function in Volocity allows us to slice the volume into three cutting
planes, an xy slice, an xz slice and a yz slice. It was utilized to show the localization
of GFP with respect to the plasma membrane and F-actin (see Fig. 5). To show
areas of colocalization, Adobe Photoshop was used to select for yellow regions.
Selected regions were copied and pasted into a new RGB channel.

(iv) Quantitation and statistical analysis. Representative fluorescence micros-
copy images were quantitated with the use of NIH Image software (National
Institutes of Health, Bethesda, Md.) and ImageJ for GLUT4myc translocation
and GFP fluorescence, respectively. Raw data for GLUT4myc translocation were
converted to reflect stimulation by insulin above basal levels relative to surface
GLUT4myc in untransfected cells. Metafluor software (Universal Imaging

Corp.) was used to analyze the dynamic changes in fluorescence intensity derived
from the two GFP-PH-GRP1 fusion proteins in live-cell experiments (see Fig.
3B). The region of interest in the perinuclear cytosol region and the region of
peripheral ruffling were determined and monitored along the entire sequence of
time-lapse images. Fluorescence intensity values were then plotted over time.

All statistical analyses were carried out with the analysis of variance and post
hoc analysis (Prism software).

RESULTS

Localization of p110 isoforms within the insulin-induced
cortical actin mesh. We first visualized the organization of
actin labeled with fluorophore-phalloidin vis-a-vis the distribu-
tion of IRS-1 or PI3-K in L6 myotubes. In the basal state, actin
formed long filamentous structures (stress fibers) aligned along
the longitudinal axis of the myotubes (Fig. 1Aa and b). These
are best visualized in the ventral focal plane (typically 1 to 2
�m above the coverslip; Fig. 1Aa and b) but also more faintly
in the dorsal focal plane (4 to 6 �m above the coverslip; Fig.
1Aa and c). In insulin-stimulated (100 nM, 10 min) myotubes,
stress fibers remained visible in the ventral focal plane (Fig.
1Aa and d). However, F-actin reorganized into mesh-like
structures that could be observed in the dorsal plane (Fig.
1Ae), creating dorsal extensions typically rising 2 to 3 �m
above the dorsal plasma membrane of basal cells (Fig. 1Aa and
f). Immunoreacted IRS-1, detected with Alexa 488-conjugated
secondary antibody, appeared diffuse and punctate through-
out the myoplasm in the basal state (Fig. 1Ba). Upon insu-
lin stimulation, a significant fraction of intracellular IRS-1
was found along the newly formed dorsal actin mesh (iden-
tified by yellow regions in the dorsal extension plane in Fig.
1Bd).

That insulin stimulation of L6 myotubes causes partial co-
localization of the 85-kDa regulatory subunit of PI3-K with the
insulin-induced actin mesh has been previously reported (28).
Both isoforms of the catalytic p110 subunit (� and �) have
been implicated in insulin action in various cell types (1, 26,
48). Recent studies have begun to assign specific roles to each
isoform (20). To determine which p110 collects in the same
region as p85�, we examined the intracellular localization of
p110� and p110� in L6 myotubes using diverse isoform-spe-
cific antibodies. Under basal conditions, p110� (using an an-
tibody directed to the C terminus) exhibited a diffuse cytosolic
staining pattern, which excluded the nuclei (Fig. 1Bb). Upon
stimulation with insulin, p110� markedly redistributed to re-
gions where F-actin remodeled (Fig. 1Be). Staining with an-
other p110�-specific antibody raised against the N terminus of
p110� revealed a similar staining pattern (not shown). p110�
(using an antibody directed to the C terminus) appeared dif-
fusely distributed throughout the cytoplasm in nonstimulated
cells and, in contrast to p110�, localized to the nuclei (Fig.
1Bc), consistent with recent reports (33). Further in contrast to
p110�, p110� escaped relocalization into the insulin-induced
actin mesh (Fig. 1Bf). A similar staining pattern was observed
using another anti-p110� antibody raised against the N termi-
nus of the protein (not shown). To further confirm the speci-
ficity of the isoform-specific antibodies, the two anti-C-termi-
nal antibodies against each isoform were preincubated with a
10-fold molar excess of each of the two corresponding syn-
thetic antigenic peptides. As shown in Fig. 1Bg and h, preab-
sorption of each antibody to its specific peptide resulted in a
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significant decrease in the fluorescent signal, whereas preincu-
bation with the reciprocal peptide had no effect (not shown).
Collectively, these data suggest that insulin-induced actin re-
modeling specifically recruited the p110� isoform but not the
p110� isoform, of the catalytic subunit of PI 3-kinase.

Localization of the PI3-K effectors Akt and aPKC vis-a-vis
the actin mesh. PI3-K activation leads to the stimulation of the
serine/threonine kinases Akt and aPKC�/�. Both enzymes have
been implicated in insulin-stimulated GLUT4 recruitment to
the cell surface of L6 muscle cells (2, 68). Thus, it was impor-
tant to assess the cellular localization of these targets of PI3-K
vis-a-vis the actin mesh that had segregated distinct PI3-K
isoforms. L6 myotubes were left untreated or stimulated with
insulin, and subsequently, F-actin and the serine/threonine ki-
nases were labeled with rhodamine-phalloidin and isoform-
specific antibody coupled to Alexa 488-conjugated secondary
antibody, respectively. Under unstimulated conditions, the
Akt-1 signal was largely cytosolic and diffuse (Fig. 2a). Insulin
stimulation caused a clear enhancement in the Akt-1 signal

colocalizing with insulin-induced actin structures seen at the
dorsal extension plane (yellow regions in Fig. 2b). Using an
antibody against phospho-Akt produced a similar result (not
shown). The antibody against PKC� behaved in marked con-
trast to anti-Akt-1. In the basal state, PKC� was diffusely dis-
tributed throughout the myoplasm and did not colocalize with
actin (Fig. 2d). Upon insulin stimulation, the fluorescent signal
of PKC� remained cytosolic and did not concentrate signifi-
cantly with the newly formed actin structures (Fig. 2e). Prein-
cubation of the antibodies with a 10-fold molar excess of cor-
responding blocking peptides resulted in a complete reduction
in the fluorescent signal of Akt-1 (Fig. 2c) and PKC� (Fig. 2f).
Like PKC�, immunolocalized PKC� also escaped colocaliza-
tion with the remodeled actin structures following insulin stim-
ulation (not shown). Therefore, while a portion of one PI3-K
effector, Akt, redistributed to the actin structures, the other
effector, aPKC, was largely excluded from this localization.

PI-3,4,5-P3 production within the actin mesh. The colocal-
ization of IRS-1, p85� and p110� with the insulin-induced

FIG. 2. The PI3-K effector, Akt-1, but not aPKC, colocalizes with insulin-induced actin structures. Serum-deprived (4 h) L6 myotubes were
untreated (a and d) or stimulated with 100 nM insulin for 10 min at 37°C (b, c, e, and f), followed by fixation and permeabilization. F-actin was
labeled with rhodamine-conjugated phalloidin. Akt-1 (a to c) or PKC� (d to f) proteins were stained with specific polyclonal antibodies, followed
by Alexa 488-conjugated secondary antibodies, as described in Materials and Methods. Competitive inhibition of Akt-1 (c) and PKC� (f) using a
10-fold molar excess of blocking peptides is also shown. Yellow regions indicate regions of remodeled actin filaments with colocalized Akt-1 or
PKC� protein. Shown are images of the dorsal plane of basal cells and dorsal extension planes of insulin-stimulated cells, as defined in the legend
for panel a of Fig. 1A. The images are representative of four experiments. Bar, 10 �m.
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actin mesh suggested the possibility that PI3-K was active in
this region. Substrates for such an activity could conceivably be
provided by the plasma membrane above the actin structures
and/or membrane vesicles entrapped by the actin mesh, which
contain GLUT4, IRAP, and VAMP-2 (28, 44). To visualize
whether PI-3,4,5-P3 is generated in these regions, we used a
fluorescent indicator consisting of eGFP fused to the PH do-
main of the ADP-ribosylating factor exchange factor GRP1.
PH-GRP1 has a higher affinity (Kd, �25 nM) for PI-3,4,5-P3

than for other phosphoinositides in vitro (29), making it an
ideal marker to detect production of PI-3,4,5-P3 (43). A similar
construct harboring a single point mutation (K273A) in the PH
domain of GRP1 that results in loss of PI-3,4,5-P3 binding
capacity (29) was used for control experiments. GFP-PH-
GRP1 cDNA was transiently transfected into L6 myoblasts.
Myoblasts are far more amenable to transfection than myo-
tubes, and transcript expression can be detected within 16 h.
Actin filaments also reorganize in response to insulin in myo-
blasts (44), albeit the structures are not as prominent as in the
much larger myotubes. To gain information on the dynamic
localization of PI-3,4,5-P3, we analyzed the distribution of
GFP-PH-GRP1 in live cells by time-lapse confocal microscopy.
GFP-PH-GRP1 was concentrated in the nucleus, and a faint
signal spread throughout the cytosol (Fig. 3Aa). Stimulation
with insulin caused a rapid (�2 min) translocation of GFP-
PH-GRP1 from the perinuclear cytosol to peripheral thread-
like structures (Fig. 3Ab). Ten minutes after insulin stimula-
tion, the GFP-PH-GRP1 signal appeared to reorganize and
preferentially localize in distinct peripheral structures (Fig.
3Ac). To verify that the cellular dynamics of the GFP-PH-
GRP1 fusion protein in response to insulin depended upon its
binding to PI-3,4,5-P3, a similar analysis was performed using
the mutant GFP-PH(K273A)-GRP1 (Fig. 3Ad to f). As previ-
ously described for GFP-PH-GRP1 (39), this mutant fusion
protein also displayed nuclear localization, suggesting that this
feature is independent of PI-3,4,5-P3 binding. Yet, the changes
observed both in the perinuclear cytosol and in the cell periph-
ery were minor compared to those observed with the wild-type
PH domain. The insulin-stimulated cellular relocalization of
the GFP-PH-GRP1 in comparison to that of the mutated pro-
tein can be more readily appreciated in the time-lapse movies
(http://www.sickkids.ca/research/custom/profiles/klip.asp). The
dynamics of the fluorescence intensity over time of GFP-PH-
GRP1 or GFP-PH(K273A)-GRP1 in the perinuclear cytosol
and in the peripheral region of two representative cells each is
shown in Fig. 3B. The fluorescence intensities at the perinu-
clear cytosol and the peripheral regions at 2 and 10 min fol-

lowing insulin stimulation were determined from 10 and 19
cells expressing GFP-PH-GRP1 and GFP-PH(K273A)-GRP1,
respectively. In cells expressing GFP-PH-GRP1, the fluores-
cence intensity at the perinuclear cytosol was reduced by 70%
within 2 min of insulin stimulation. Such a reduction was ab-
sent in cells expressing the mutant construct (Fig. 3B and C).
This reduction in the perinuclear cytosolic region at 2 min was
accompanied by a 2.8-fold increase in fluorescent intensity in
the peripheral region of the GFP-PH-GRP1-expressing cells
compared to only a 1.25-fold increase in GFP-PH(K273)A-
GRP1-expressing cells. Ten minutes after insulin stimulation,
the fluorescent signal in the perinuclear region of GFP-PH-
GRP1-expressing cells seemed to regain some of its intensity.
In contrast, a progressive increase in GFP-PH-GRP1 fluores-
cent signal was observed at the cell periphery, reaching an
eightfold intensity compared to that at time zero. A much
smaller effect (1.6-fold) was observed in cells expressing the
mutant construct. Using this tool, it appears that insulin causes
PI-3,4,5-P3 production at the cell periphery and induces unique
localized sites of further PI-3,4,5-P3 accumulation.

In order to assess the possibility that these localized sites of
PI-3,4,5-P3 accumulation are related to the insulin-induced
actin structures described in Fig. 1, the above experiments with
live cells were complemented by analysis of the distribution of
GFP-PH-GFP1 in fixed cells vis-a-vis the localization of actin
filaments. Consistent with the above results and other studies
using fixed cells (39), GFP-PH-GRP1 was largely located in the
nucleus (Fig. 4a, c, and e) and faintly throughout the cytosol
(Fig. 4a). Upon insulin stimulation, actin remodeled into struc-
tures at the dorsal surface of the myoblasts (Fig. 4f). Compared
to myotubes, these structures created smaller dorsal exten-
sions, making the difference between the dorsal and dorsal
extension planes defined in Fig. 1A less pronounced. Such
structures were absent from either the dorsal or ventral sur-
faces of unstimulated cells (Fig. 4b and d). Interestingly, insu-
lin stimulation led to the preferential appearance of GFP-PH-
GRP1 in regions of the myoblasts where actin remodeling
occurred (Fig. 4e to f). This finding suggested the possibility
that PI-3,4,5-P3 was generated within the actin structures, con-
sistent with the insulin-stimulated localization of p110� within
the actin mesh (Fig. 1Be).

Additional spatial analysis of PI-3,4,5-P3 at the plasma
membrane. Some of the confocal fluorescent signal of GFP-
PH-GRP1 colocalizing with the actin structure could poten-
tially arise from optical bleeding of an intense signal on the
cytosolic leaflet of the plasma membrane. To better ascertain
the localization of PI-3,4,5-P3 production, we applied decon-

FIG. 3. GFP-PH-GRP1 protein translocates from the cytosol to the periphery of the cell and concentrates in newly formed structures revealed
by time-lapse live-cell microscopy. (A) L6 myoblasts were seeded on 35-mm-diameter glass bottom microwell dishes and transiently transfected
with 0.5 �g of GFP-PH-GRP1 (a to c) or GFP-PH(K273A)-GRP1 (d to f), as described in Materials and Methods. The cells were then continuously
visualized at 37°C by confocal fluorescent microscopy, and representative time images taken immediately prior to the addition of insulin and 2 and
10 min thereafter are presented. The complete time-lapse movie is provided at http://www.sickkids.ca/research/custom/profiles/klip.asp. Bar, 10
�m. (B) Fluorescent signal intensities in two different regions (as shown in panel A [e and ‚, perinuclear cytosol; � and �, peripheral structures])
within the transfected cell were obtained and quantified. To account for possible bleaching, all measurements were normalized to the signal in the
nucleus within each cell. The fluorescent intensities in the perinuclear cytosol and the periphery from two representative cells expressing the
wild-type and mutant PH domains were then plotted over time. The y scale represents fluorescent intensity relative to that in the nucleus. (The
dotted and solid lines represent quantifications from the left and right cells in each panel, respectively.) (C) The fluorescent intensities from 10
GFP-PH-GRP1- and 19 GFP-PH(K273A)-GRP1-expressing cells at 0, 2, and 10 min following insulin stimulation were obtained. The intensities
at 2 and 10 min were then expressed relative to fluorescent intensity at time zero. *, P � 0.001 compared to time zero.
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volution analysis to the confocal fluorescent images obtained
from several focal planes. Optical sections of 0.2 �m were
taken from the bottom to the top of a typical myoblast express-
ing GFP-PH-GRP1 and analyzed with Openlab deconvolution
software. A cross-sectional view of the deconvolved insulin-
induced actin structure (Fig. 5Aa) reveals a significant colocal-
ization of the GFP-PH-GRP1 signal with F-actin (Fig. 5Ab).
The above result illustrates that PI-3,4,5-P3 produced in re-
sponse to insulin is found in intracellular regions colocalizing
with the remodeled cortical actin mesh. These results do not
rule out, however, the possibility that PI-3,4,5-P3 could also be
generated on the cell membrane. To examine this possibility,
insulin-stimulated myoblasts expressing GFP-PH-GRP1 were
reacted with tetramethylrhodamine-conjugated concanavalin
A (Fig. 5B). Concanavalin A specifically binds to carbohydrate
moieties and has been widely used to label the plasma mem-
brane of intact cells. A cross-section revealed tetramethylrho-
damine-concanavalin A signal (red) in the periphery of the
structure, which was absent from the cytosol (Fig. 5Ba). Con-
versely, the GFP-PH-GRP1 signal (green) was largely intracel-

lular, although a discernible signal colocalized with the plasma
membrane (yellow signal and Fig. 5Bb). Together, these results
suggest that in addition to PI-3,4,5-P3 produced in endomem-
branes within the actin structure (Fig. 5), PI-3,4,5-P3 is gener-
ated along the plasma membrane in response to insulin.

To obtain spatial detail on the localization of GFP-PH-
GRP1 vis-a-vis the insulin-induced actin structures, the decon-
volved images of this construct and rhodamine-conjugated
phalloidin were volume rendered to obtain a three-dimen-
sional reconstruction of the cell. The F-actin signal (red) was
more prominent towards the top of the cell compared to the
GFP-PH-GRP1 signal (green), which was more intense at the
middle and base of the remodeled actin structure (Fig. 6a).
Electronic reduction of the red signal revealed a green signal
spanning the entire structure that was more intense near the
middle and below the peak of the actin (red signal) structure
(Fig. 6b). To assess the possible contribution of a cytosolic
signal in the region, we analyzed optical sections of 0.2 �m
from cells with comparable expression of GFP-PH(K273A)-
GRP1. As before, a more intense F-actin signal was observed

FIG. 4. Preferential generation of PI-3,4,5-P3 in association with actin structures detected by low-level expression of GFP-PH-GRP. L6
myoblasts were transiently transfected with 0.5 �g of GFP-PH-GRP1 cDNA for 16 h. Cells were serum deprived (4 h) and then stimulated with
100 nM insulin for 10 min at 37°C. After this period, the cells were fixed, permeabilized, and stained for F-actin (rhodamine-phalloidin). For the
basal condition, images from both the ventral focal plane (near the bottom of the cell) (a and b) and the dorsal plane (near the top of the cell)
(c and d) were obtained using a confocal microscope. For insulin-stimulated cells, images from the dorsal focal planes were obtained (e and f).
Closed arrowheads indicate regions of remodeled actin filaments and localization of GFP-PH-GRP1 protein in insulin-stimulated cells. The images
are representative of at least four experiments. Bar, 10 �m.
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towards the top of the cell (Fig. 6c). Electronic removal of this
red signal revealed only a low-reaching GFP-PH(K273A)-
GRP1 (green) signal near the bottom of the actin structure
(Fig. 6d). This relatively small abundance of GFP-PH(K273A)-
GRP1 within the actin structure contrasts with GFP-PH-
GRP1, which spanned throughout the actin structure. A sim-
ilar result was obtained from cells expressing eGFP only (not
shown). This result suggests that the contribution of cytosolic
GFP-PH-GRP1 to the signal within the actin structures is
minor. Therefore, most of the GFP-PH-GRP1 signal within
the actin structure appears to originate from specifically con-
centrated PI-3,4,5-P3, potentially attached to vesicles gathered
by the structures.

PI-3,4,5-P3 is required for insulin-dependent formation of
the cortical actin mesh. The localization of PI3-K and its lipid
product near or within the actin mesh raises the question of
whether PI3-K is required for the formation of such a mesh.
Hence, the susceptibility of the actin structure to wortmannin
was first assessed. Pretreatment with wortmannin (100 nM, 20
min) followed by insulin stimulation prevented actin remodel-

ing and, as expected, also precluded generation of PI-3,4,5-P3

(Fig. 7Ag, and h versus c and d). This result suggests that PI3-K
activity is required for actin mesh formation but does not
identify whether PI-3,4,5-P3 is the required product. An ap-
proach to answer this question was afforded by cells with high
levels of expression of GFP-PH-GRP1. Low-level-expressing
cells were defined as those with a relatively low nuclear fluo-
rescent signal, which allowed clear discernment of dense struc-
tures within the nucleus. High-level-expressing cells were de-
fined as those in which the nuclear signal of GFP-PH-GRP1
was saturated under the same acquisition settings (see the cells
outlined in Fig. 7Aa, c, and e). In highly expressing cells,
insulin-stimulated phosphorylation of extracellular signal-reg-
ulated kinase (ERK) was maintained (not shown), suggesting
that PI-3,4,5-P3-independent pathways were not affected. Strik-
ingly, in cells expressing high levels of GFP-PH-GRP1, stimu-
lation with insulin did not lead to any actin remodeling (Fig.
7Ab, d, and f). In contrast, cells expressing high levels of the
mutant GFP-PH(K273A)-GRP1 (see the outlined cell in Fig.
7Ba) responded to the hormone by mounting a subcortical

FIG. 5. PI-3,4,5-P3 is generated at the plasma membrane as well as within cellular structures formed by actin remodeling. L6 myoblasts were
transiently transfected with 0.5 �g of plasmid encoding GFP-PH-GRP1 and stimulated with insulin following 4 h of serum starvation. The cells
were fixed and stained for (A) F-actin using rhodamine-phalloidin or (B) the plasma membrane using tetramethylrhodamine-conjugated ConA (50
�g/ml). Optical sections of 0.2 �m from the top of the cell to the bottom were acquired and deconvolved. A cross-section of the structure was
obtained (a) and analyzed for colocalization with F-actin (Ab) or the plasma membrane (Bb) by selecting for yellow regions.
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actin mesh akin to that in untransfected cells (Fig. 7Bb). In a
similar set of studies, we used the PH domain of Akt fused to
eGFP (GFP-PH-Akt) as an alternative method to detect PI-
3,4,5-P3 within the cells. While GFP-PH-Akt can detect PI-
3,4,5-P3 levels, it has also been shown to bind to PI-3,4-P2 (13,
14). Nonetheless, as was the case of GFP-PH-GRP1, the GFP-
PH-Akt protein colocalized with remodeled actin structures
following insulin stimulation in L6 cells expressing low levels of
the construct (Fig. 7Ca and b). In cells highly expressing GFP-
PH-Akt (see the outlined cell in Fig. 7C c), the insulin-induced
actin remodeling was abolished (Fig. 7C d). A likely interpre-
tation of these results is that highly expressed GFP-PH-GRP1
or GFP-PH-Akt sequesters PI-3,4,5-P3, thereby blocking sig-
nals leading to actin remodeling. The high expression of GFP-
PH-GRP1 also abolished the localized foci of phosphorylated
endogenous Akt, although it did not visibly reduce the overall
cytosolic signal of phosphorylated Akt (not shown). This result
confirms the significance of localized changes in PI-3,4,5-P3

availability for downstream signaling to GLUT4 (see below).
PI-3,4,5-P3 production is required for GLUT4myc translo-

cation to the cell surface. It is well established that PI3-K
activity is essential for the insulin-dependent externalization of
GLUT4 in muscle and adipose cells (4, 8, 56). However, the
role of different PI3-K lipid products in this process is unclear.
High-level expression of GFP-PH-GRP1 provided a strategy to
approach this question. The L6 myoblasts used in this study

express high levels of myc-tagged GLUT4 (21, 67). The pres-
ence of the myc epitope in the first exofacial loop of GLUT4
allows for the direct detection of GLUT4 insertion in the
plasma membrane in unpermeabilized myoblasts by cell sur-
face immunostaining. The GLUT4myc staining in unstimulat-
ed cells was unaffected by the different levels of GFP-PH-GRP1
expression (Fig. 8a to d). Strikingly, the insulin-dependent
appearance of GLUT4myc staining on the cell surface was re-
duced in cells transfected with high levels of GFP-PH-GRP1
(Fig. 8g and h) while the density of GLUT4myc staining in low-
er-expressing cells did not appear to be reduced (Fig. 8e and f).
The surface density of GLUT4myc staining was quantified in
order to compare the insulin-dependent GLUT4myc translo-
cation in untransfected cells and adjacent cells transfected with
GFP-PH-GRP1 in the same optical field. In cells expressing
high levels of GFP-PH-GRP1, cell surface GLUT4myc stain-
ing in response to insulin was reduced by 80% 	 4% compared
to only a 26% 	 4% reduction in lower-expressing cells. The
decrease in insulin-stimulated GLUT4myc translocation in
high-GFP-PH-GRP1-expressing cells was not associated with a
decrease in total GLUT4myc expression (1.07 	 0.06 times
that of untransfected cells). High-level expression of the GFP-
PH(K273A)-GRP1 had no effect on insulin-stimulated cell sur-
face GLUT4myc (results not shown). These results suggest
that PI-3,4,5-P3 is a key contributor to GLUT4 translocation.

FIG. 6. GFP-PH-GRP1 protein localizes within and below the peak of the actin structure assessed by deconvolution analysis. L6 myoblasts were
transiently transfected with 0.5 �g of plasmid encoding GFP-PH-GRP1 (a and b) or GFP-PH(K273A)-GRP1 (c and d), stimulated with insulin,
and stained for F-actin as described in the legend for Fig. 4. Images from several focal planes (optical sections of 0.2 �m) were obtained,
deconvolved, and volume rendered to obtain a three-dimensional reconstruction of the cell. The red signal (F-actin) is reduced to reveal the green
signal (GFP) below (b and d). Bar, 10 �m.
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FIG. 7. High-level expression of GFP-PH-GRP1 or wortmannin pretreatment inhibits insulin-stimulated actin remodeling. L6 myoblasts
transiently transfected with 0.5 �g of GFP-PH-GRP1 (A) or GFP-PH(K273A)-GRP1 (B) or GFP-PH-Akt (C) cDNA were stimulated with (Ac
to h; Ba and b; and Ca to d) or without (Aa and b) 100 nM insulin for 10 min at 37°C. L6 myoblasts transfected with GFP-PH-GRP1 were also
exposed to 100 nM wortmannin for 20 min prior to and during insulin stimulation (A, g and h). After this period, the cells were fixed, perme-
abilized, and stained for F-actin (rhodamine-phalloidin). Arrowheads indicate regions of remodeled actin filaments and localization of GFP-tagged
protein in insulin-stimulated cells. Cells highly expressing the constructs are outlined. The images are representative of three experiments. Bar,
10 �m.
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DISCUSSION

Insulin initiates a signaling cascade that leads to various
metabolic and mitogenic effects in specific target tissues. Actin
filaments are required to preserve the integrity of the mito-
genic signals, specifically the SOS-Grb2 interaction (55). Most,
if not all, of the metabolic actions of insulin require PI3-K
activation. This profuse array of responses suggests the need to
segregate PI3-K spatially and temporally in order to guide
individual responses. Recent studies analyzing the subcellular
localization of PI3-K have relied largely on subcellular frac-
tionation to separate the cytosol from the plasma membrane
and light microsomes (6, 22). Those studies consistently found
the p85 subunit or IRS-dependent PI3-K activity in the cytosol
of resting cells and in the cytosol and low-density microsomes
of insulin-stimulated cells. In contrast, after platelet-derived
growth factor stimulation, a portion of the p85 purified with
the plasma membrane (37, 45). These studies naturally con-
cluded that insulin selectively causes migration of PI3-K from
within the cytosol to the low-density microsome (LDM). LDM
is a heterogeneous fraction containing not only membranes but
also diverse filaments (6, 66); other membrane fractions can
also bring down attached and copurifying filaments. Hence,
subcellular fractionation has limitations in resolving the nature
of the association of IRS-1/p85 with the isolated membranes.
Immunofluorescence studies would add resolution to this
question, but detection of PI3-K subunits by this means has so
far been lacking. Instead, previous studies have analyzed the
localization of GFP-PH domains with affinity for PI3Ps (39, 42,
63) and found that GFP-PH-Akt localized in the cell perimeter
upon insulin stimulation (16). Acknowledging that the GFP-
PH-Akt detects PI3-K products, it was tempting to relate the
localization of the products to that of the enzyme. Those stud-

ies prompted suggestions that the isolated LDM might have
been contaminated with the plasma membrane and/or with
vesicles lying closely apposed to the cell surface. Thus, the
question of the subcellular localization of PI3-K requires fur-
ther examination.

Insulin-induced F-actin remodeling segregates PI 3-kinase
isoforms. In the present study, we used confocal fluorescence
microscopy to locate two isoforms of the catalytic subunits of
class I PI3-K and to examine the effect of insulin on such
distribution. Specific antibodies with selectivity towards IRS-1,
p110�, or p110� were found to be reliable for immunofluores-
cence detection and were thus used as probes for their corre-
sponding enzymes. The localization of these proteins was de-
termined in GLUT4myc myotubes arising from multiple fusion
events among myoblasts. The myotubes, measuring several
hundred micrometers in length and about 10 �m in height,
present a large cytoplasmic domain devoid of sarcomeric cross-
striations. Instead, filaments of actin span the length of the
myotubes. We have previously reported that insulin stimula-
tion leads to the reorganization of cortical actin filaments into
a mesh running from the cell surface (which consequently
develops ruffles) through about half of the interior of the cell
(54).

Strikingly, our results revealed that like IRS-1, the catalytic
p110� subunits of PI3-K, but not p110�, colocalized with the
actin mesh formed in response to insulin (Fig. 1). We have
previously observed that p85� is distributed as punctae in the
cytosol and redistributes into the actin structures following
insulin stimulation (28). Therefore, it is conceivable that the
binding partner of p110� in this locale is p85�. The differential
behaviors of the p110 isoforms underscores that the associa-
tion with the actin cytoskeleton does not arise from optical

FIG. 8. High levels of GFP-PH-GRP1 inhibit insulin-stimulated GLUT4 translocation. L6 myoblasts transiently transfected with 0.5 �g of
GFP-PH-GRP1 cDNA were serum deprived (4 h) and then stimulated with (e to h) or without (a to d) 100 nM insulin for 30 min at 37°C. After
this period, the cells were left intact and processed for detection of GLUT4myc at the cell surface with anti-myc antibody followed by
Cy3-conjugated goat anti-mouse antibody. For each condition, top and bottom panels show the same optical field of cells. Closed arrowheads
indicate the positions of cells expressing low levels of GFP-PH-GRP1, and the open arrowheads indicate the position of a cell highly expressing
the protein. The images are representative of three experiments. Bar, 10 �m.
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artifacts potentially associated with actin remodeling, although
direct interaction of p110� and p85� with F-actin has not been
demonstrated. Regardless of the mechanism for isoform-spe-
cific localization, F-actin-dependent differential localization of
PI3-K isoforms may have implications for downstream insulin
signal transduction, as Akt, but not aPKCs, also colocalized
with insulin-induced actin structures. In conclusion, IRS-1 and
isoforms of the regulatory and catalytic subunits of PI3-K re-
locate to regions on or within the remodeled actin mesh in
response to insulin.

Cellular loci of PI-3,4,5-P3 production defined by actin re-
modeling. The above results prompt the question of whether
the p110 subunit isoforms of PI3-K gathered into the insulin-
induced actin mesh are catalytically active and where the prod-
ucts are located. Previous studies had used the PH domain of
GRP1 fused to eGFP to track the generation and localization
of PI-3,4,5-P3 in response to insulin stimulation (16, 39), but
they lacked sufficient resolution to separate signals emanating
from the membrane from those potentially within the adjacent
cytosol. Laser confocal microscopy was not always employed.
Here we analyzed the localization of the PI-3,4,5-P3 ligand
GFP-PH-GRP1 by two approaches: confocal fluorescence im-
aging of live cells in real time (Fig. 3) and confocal immuno-
fluorescence coupled to deconvolution analysis of fixed cells in
which actin filaments were concomitantly labeled with rhodam-
ine-phalloidin (Fig. 5). Deconvolution analysis was used to
further reduce the out-of-focus fluorescence obtained by con-
focal microscopy, thus enhancing the Z resolution. Both ap-
proaches revealed the segregation of GFP-PH-GRP1 signals
along thread-like elements highly reminiscent of actin struc-
tures. The results further show that GFP-PH-GRP1 can be
detected along the plasma membrane and in regions several
micrometers deep contained within the actin mesh (Fig. 5 and
6). To further strengthen the spatial localization of PI-3,4,5-P3

vis-a-vis the actin cytoskeleton, we used the PH domain of Akt
fused to eGFP in addition to GFP-PH-GRP1. Our results show
that GFP-PH-Akt also colocalizes with insulin-stimulated actin
structures (Fig. 7C). During the process of revision of this
paper, Tengholm and Meyer (51) reported the need for a
threshold of 3
-phosphoinositides (detected via CFP-PH-Akt1)
at the plasma membrane of 3T3-L1 adipocytes for GLUT4
translocation. The use of evanescent wave microscopy and the
reliance on the PH domain of Akt precluded complete spatial
analysis of PI-3,4,5-P3 production. Our results complement the
conclusions of that study by offering whole-cell spatial detail
and assign a specific role to the PI-3,4,5-P3 lipid product in
actin remodeling and GLUT4 translocation (see below).

The GFP-PH-GRP1 signal within the actin mesh is likely to
emanate from PI-3,4,5-P3 present in membranes located in this
region. Indeed, we have previously detected three membrane-
bound proteins colocalizing with the actin mesh (VAMP2,
GLUT4, and IRAP), while other membrane proteins were
excluded (insulin receptor and VAMP3/cellubrevin) (44, 54),
suggesting that only a subset of intracellular membranes gather
in the insulin-induced actin structures. We hypothesize that the
actin mesh formed in response to insulin constitutes a pull
mechanism that segregates a subpopulation of vesicles contain-
ing GLUT4 and VAMP2. PI3-K would then produce local foci
of PI-3,4,5-P3. In addition, the enzyme also generates PI-
3,4,5-P3 on the cytosolic leaflet of the plasma membrane (Fig.

5B). To our knowledge, this is the first visualization of such
dual localization of PI-3,4,5-P3.

Actin mesh formation requires PI3-K input. The above re-
sults suggest that insulin causes actin remodeling leading to
segregation of PI3-K isoforms and generation of PI3-K prod-
ucts within the actin mesh. Interestingly, formation of the actin
mesh was itself regulated by PI3-K. This is borne out from the
complete inhibition of actin remodeling in the presence of
wortmannin (57, 59) and the abolition of this phenomenon in
myoblasts expressing either the dominant-negative mutant
�p85 (28, 57, 66) or, as shown here, high levels of GFP-PH-
GRP1 or GFP-PH-Akt (Fig. 7). One potential interpretation
of our data is that a positive-feedback loop operates whereby
PI3-K is required for actin remodeling, which in turn gathers
the activated enzyme towards membranes, where production
of PI-3,4,5-P3 is essentially localized. A feed-forward loop in-
volving PI3-K was recently found to operate in neutrophils,
where PI-3,4,5-P3 at the leading edge stimulated its own addi-
tional accumulation (65, 69). Further experimentation is re-
quired to prove the presence of a similar mechanism in muscle
cells.

The PI3-K dependence of insulin-induced actin remodeling
in muscle cells is in stark contrast to the recently reported
increase in actin dynamics in 3T3-L1 adipocytes (24, 25). In
those cells, wortmannin failed to prevent the increase in a
cortical actin band which appears to be controlled by N-Wasp
via the small G protein TC10 (5, 23, 24). Conversely, actin
mesh formation in muscle cells is independent of TC10 (L.
JeBailey and A. Klip, unpublished observations) and instead
requires the small G protein Rac (28). These results under-
score the cell type-specific differences in both the architecture
and dynamics of actin and the insulin-dependent signals gov-
erning it.

Functional consequences of segregating PI-3,4,5-P3 within
the actin mesh on downstream signals. PI-3,4,5-P3 binds to the
PH domains of Akt and of its upstream activator, PDK. There-
fore, it was conceivable that membranes containing PI-3,4,5-P3

and lodged within the actin mesh might attract Akt. Indeed,
upon insulin stimulation, Akt was found along with the newly
formed actin mesh (Fig. 2). This Akt was phosphorylated (re-
sults not shown), suggesting the possibility that PI-3,4,5-P3

trapped in the mesh binds the enzyme, which in turn becomes
phosphorylated by PDK potentially bound to the lipid vesicles.
Alternatively, Akt may become phosphorylated in other loci,
including the plasma membrane, and subsequently migrate to
the lipid vesicles trapped in the actin mesh, potentially to
phosphorylate target proteins. The present study does not dif-
ferentiate between these possibilities but suggests that Akt
does not bind directly to actin, insofar as Akt did not colocalize
with actin stress fibers in the basal state. While colocalizing
with the actin mesh in the insulin-stimulated state, it is likely
that Akt binds to lipid vesicles within this structure rather than
to actin itself. This is because the enzyme was soluble in ice-
cold Triton X-100, whereas cytoskeletal elements sediment
under these conditions (results not shown). The hypothesis
that remodeled actin couples PI3-K to Akt is also borne out
from studies using cytochalasin D, which inhibits actin dynam-
ics. This drug reduced the response of Akt to insulin (42; K.
Yaworsky and A. Klip, unpublished observations) in the face of
normal activation of PI3-K (42, 58). These results suggest that
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actin dynamics is instrumental in the coupling of activated
PI3-K to Akt in actin-generated loci. The converse scenario,
that Akt lies upstream of actin reorganization, is deemed un-
likely because transfection of a dominant-negative mutant of
Akt into L6 myoblasts did not affect insulin-stimulated actin
remodeling (68).

Collectively, the results presented buttress the concept that
the insulin-induced actin mesh serves as a scaffold that segre-
gates foci of selective isoforms of PI3-K, membrane vesicles
containing selective membrane proteins, PI-3,4,5-P3, and spe-
cific downstream signaling molecules such as activated Akt.
The importance of localized Akt phosphorylation is further
suggested by the observation that high expression of the GFP-
PH-GRP1 (but not the mutant) prevented actin remodeling
(Fig. 7) as well as localized Akt phosphorylation (not shown)
and GLUT4 translocation (Fig. 8).

Consistent with the scenario that localized activation of
PI3-K within the actin mesh is critical for downstream signaling
to GLUT4, several in vivo models of insulin resistance show
reduced Akt activity and diminished GLUT4 translocation in
the absence of alterations in overall insulin-stimulated PI3-K
activity. Where examined, PI3-K was found to be mistargeted,
presumably precluding the activation of Akt at the proper
location (17, 38, 52). Moreover, in at least two cellular models
of insulin resistance, insulin-dependent actin remodeling is
altered (53, 54). Alterations in the cytoskeleton have also been
proposed to occur in insulin-resistant 3T3-L1 adipocytes, lead-
ing to IRS-1 release from cytoskeletal complexes associated
with membranes (7). Hence, actin remodeling may play a cen-
tral role controlling the fidelity of insulin signaling, which may
go awry in insulin resistance.

Our work also illustrates a selective topological segregation
of Akt vis-a-vis another downstream effector of PI3-K, the
aPKC. The latter enzyme did not localize to the actin mesh
(Fig. 2), although it is activated by insulin in a wortmannin-
sensitive manner in these cells (49). One possibility to explain
the differential behavior of Akt and aPKC is that only the
former binds to PI-3,4,5-P3. Indeed, aPKC lacks a bona fide
PH domain recognizing this lipid, although it has the potential
to bind phosphoinositides (50). It is conceivable, then, that an
actin-independent PI3-K signaling complex (perhaps involving
p110�) may trigger the activation of aPKC. Further resolution
by electron microscopy is required to establish more precisely
the spatial correspondence of the putative actin scaffold to
insulin-signaling molecules and membrane vesicles.

PI-3,4,5-P3 is required for GLUT4 translocation. The above
results suggest a model whereby PI-3,4,5-P3 is generated on
vesicles contained in the actin mesh that also harbor GLUT4
and VAMP2, attracting and activating Akt and promoting
GLUT4 translocation. Several observations support this mod-
el. First, high-level expression of GFP-PH-GRP1 abolishes
both actin remodeling and GLUT4 translocation (Fig. 8), sug-
gesting a requirement of PI-3,4,5-P3 in GLUT4 translocation.
Second, depolymerization of F-actin with cytochalasin D pre-
cludes the subsequent copurification of PI3-K with GLUT4-
containing membranes (66). Third, dominant-negative Akt and
Akt-inhibiting peptides prevent GLUT4 translocation in myo-
blasts and 3T3-L1 adipocytes (19, 68). Fourth, Akt promotes
the interendosomal transit of GLUT4 within myoblasts, con-
ceivably leading to the sorting of specialized GLUT4 vesicles

(12). Intracellular GLUT4 compartments have been identified
as a target for Akt in rat adipocytes (10, 31). Whether the actin
mesh-segregated pools of PI-3,4,5-P3 and Akt are those re-
quired for GLUT4 translocation remains to be determined.

The above results were not geared to test whether there is
a cause-effect relationship between actin remodeling and
GLUT4 translocation. Those two events have instead been
linked in several studies using a diverse array of strategies
interfering with actin remodeling (23, 24, 28, 40, 41, 54, 58,
66–68). However, these strategies interfere with all types of
actin dynamics, falling short from linking a specific structure
such as the mesh observed in myoblasts and myotubes or the
cortical band observed in 3T3-L1 adipocytes. In any case,
our study suggests the involvement of PI-3,4,5-P3 in both
actin remodeling and GLUT4 translocation, possibly with
preference over PI-3,4-P2, which binds GFP-PH-GRP1 only
weakly (29). These results are in agreement with the ob-
served reduction in GLUT4 translocation in cells expressing
PTEN (phosphatase and tensin homolog) (34, 36) or the Src
homology 2-containing inositol 5
-phosphatase 2 (64). Our
results were also not geared to test the participation of
aPKC in either actin remodeling or GLUT4 translocation. It
is conceivable that this enzyme participates in other selec-
tive steps in GLUT4 translocation, such as insertion into
the plasma membrane. Indeed, a recent study suggests that
aPKC can phosphorylate cellular VAMP2, a protein important
for GLUT4 vesicle incorporation into the plasma membrane
(2a).

In conclusion, our findings suggest the following role for
PI3-K and its lipid product in insulin-dependent GLUT4 trans-
location in L6 muscle cells. Generation of PI-3,4,5-P3 is re-
quired to trigger cortical actin remodeling, which may then
concentrate the p85�/p110� PI3-K isoform to increase the
local content of PI-3,4,5-P3. This in turn creates localized sites
for attachment of Akt in endomembranes gathered in the
remodeled actin mesh. In this manner, PI-3,4,5-P3 could po-
tentially be involved in a positive-feedback loop that further
increases localized production of PI-3,4,5-P3 and Akt activa-
tion.
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